Abstract. Melt conditioning by intensive shear was used prior to twin roll casting of an AZ91 magnesium alloy strip to promote heterogeneous nucleation and produce a refined and uniform microstructure without severe macro-segregation. The as-cast strip was then processed by homogenization, hot rolling and annealing and the microstructural behaviour during the downstream processing was examined and compared with the strip of the same alloy produced without melt conditioning. The melt conditioned strip after downstream processing displayed significantly improved mechanical properties with an average tensile elongation of ~16%, compared with ~10% for the strip produced without melt conditioning and the reported values of ~1.5-6.2% in the literature.
Introduction
Magnesium alloys have been increasingly used in the automotive and electronic industries where the strength-to-weight ratio is important. However, poor ductility has made the production of magnesium sheets by the conventional route of slab casting and rolling inefficient and expensive, and the commercial applications of magnesium sheet products is, to date, very limited. Twin roll casting (TRC) can directly produce magnesium alloy strip from melts with a thickness near the final gauge, offering an alternative route for producing magnesium sheet products at reduced cost and with potentially improved microstructure and enhanced properties. However, the magnesium strip produced by the current TRC technology exhibits several problems including the predominance of coarse, non-uniform columnar dendrite grains and centre line segregation [1] . Optimising the TRC process and developing suitable magnesium alloys for strip casting in conjunction with effective grain refinement at the solidification stage can help resolve these problems. However, inoculation by grain refiners for the TRC process can lead to problems like nozzle blockage, upstream nucleation and the impairment of properties and recyclability of the product. Moreover, effective grain refiners for magnesium alloys with aluminium alloying additions are still under development.
Melt conditioned twin roll casting (MC-TRC) is a step-change manufacturing process recently developed at Brunel University and has been successfully applied to produce strip of refined, equiaxed and uniform grain structure without severe centreline segregation for an AZ31 magnesium alloy [2, 3] . The purpose of this study was to assess the feasibility of the MC-TRC process for producing AZ91 magnesium alloy strip.
Experimental
A commercial AZ91 (Mg-8.71Al-0.7Zn-0.16Mn, wt.%) magnesium alloy supplied by Magnesium Elektron (Manchester, UK) was used in this investigation. The alloy was melted in an electrical resistance furnace at 670ºC under a protective atmosphere of N 2 containing 0.4 vol.% SF 6 . The melt was then transferred to a melt conditioning unit and subjected to intensive shearing at ~615ºC at a screw rotation speed of 600rpm for 60s (please refer to [3] for the details of the melt conditioning technology). The conditioned melt was fed into the twin roll caster for strip casting at a speed of 22.5mm/s. The twin roll caster had a pair of steel rolls 350mm wide and of 318mm diameter. For comparison, TRC experiments without melt conditioning treatment were also carried out under similar conditions. The as-cast strip was homogenized at temperatures of 350, 370, 400 and 450ºC for up to 6 hours. The strip homogenised at 400ºC for 1 hour were hot rolled at 400ºC and at a rolling speed of 190mm/s from the as-cast gauge of 6mm down to 1.6mm, giving a total reduction of 73% using 9 rolling passes. Between each pass, the strip samples were re-heated at 400ºC for 15min to stabilize the rolling temperature. Samples for optical microscopy (OM) were prepared using standard metallographic procedures followed by etching in solution of acetic-picral. Tensile test samples with a gauge length of 25mm were machined from the hot-rolled-strip along the rolling direction in accordance with the ASTM-E21 standard. The tensile samples were then annealed at 345ºC for 2 hours and tested at room temperature on a Lloyd EZ50 test machine at a strain rate of 6.7x10 -4 s -1 .
Results and discussion Fig. 1 shows typical polarized light optical micrographs for both the TRC and MC-TRC strip. It can be seen that the microstructure without the melt conditioning treatment prior (Fig. 1a) is nonuniform and coarser, compared with that of the MC-TRC strip (Fig. 1b) . This is consistent with the general findings obtained for an AZ31 alloy [4] . However, the impact of melt conditioning on grain refinement for the AZ91 alloy is less than for the AZ31 alloy. In this study, the average grain size was ~302µm for the TRC strip and ~69µm for the MC-TRC strip while the comparative figures for the AZ31 alloy were ~616µm and ~74µm respectively. This was probably due to the presence of more alloying additions in the AZ91 alloy which form a higher volume fraction of intermetallic compounds, which could act as sites for heterogeneous nucleation, preventing columnar dendrite growth from occurring. Nevertheless, the melt conditioning treatment for the twin roll casting of the AZ91 alloy was effective in promoting grain refinement. The most important effect of the melt conditioning treatment, however, was the achievement of the microstructural and compositional homogeneity. As shown in Fig. 1 , the microstructure of the MC-TRC strip is uniform through the thickness without centreline macro-segregation, which occurred (e.g. areas arrowed S in Fig. 1a ) in a normal TRC process. 2 (a-d) shows the microstructure of both the MC-TRC and TRC AZ91 strip after downstream processing. Typical room temperature tensile stress-strain curves from samples after final annealing at 350°C for 2 hours are shown in Fig. 2e . Homogenization resulted in significant grain refinement for both MC-TRC and TRC strip. After 1 hour homogenization at 400°C the average grain size was ~13.5µm for the MC-TRC strip and ~20µm for the TRC strip. No further grain refinement was observed after hot rolling and annealing for both TRC and MC-TRC strip. However, the MC-TRC strip had much better tensile testing performance as shown in Fig. 2e both in terms of higher strength and increased elongation. On average, the tensile elongation for the MC-TRC strip was ~16% compared to ~10% for the TRC strip, although both are higher than the reported data of 1.5-6.2% [5] .
The enhanced tensile properties for the MC-TRC strips are considered to be due to their improved microstructural refinement and chemical homogeneity. The elimination of centre line segregation was probably the most important influence of the melt condition treatment. It was found that in the TRC strip, the centreline segregation formed during casting still existed in the material after downstream processing as shown in Fig. 3a and b . Graph e) shows typical room temperature tensile testing stress-strain plots. This centreline segregation has a high content of aluminium and undissolved eutectic mixtures, which were found to act as initiators of cracks during tensile deformation. Fig, 3c shows examples of cracks (sites C in Fig. 3c ) formed at residual centreline segregation that developed towards the surface of the specimen at an angle about 45º to the tensile test direction at which the maximum resolved shear stress was applied. The growth of such cracks led to the failure of the material.
Summary
Melt conditioning by intensive shearing prior to twin roll casting has been successfully applied for the production of high quality AZ91 magnesium alloy strip with a fine and uniform microstructure free from centre line segregation. During hot rolling, the MC-TRC strip showed a finer and more uniform microstructure than the TRC strip. The MC-TRC strip at final gauge displayed enhanced strength and elongation compared with the TRC strip. The presence of centre line segregation in the final gauge TRC strip was detrimental to ductility which resulted in premature failure. 
